More robust seismic interpretation can be done when an interpretation project uses both compressional (P) and shear (S) data rather than using only one seismic mode, whether that mode be a P mode or an S mode. Unfortunately, this fundamental interpretation principle is frustrated by the cost and difficulty of deploying S-wave sources and by the limited availability of direct-S sources. We introduce a new seismic interpretation option based on direct-P and direct-S modes generated by vertical-force sources. To explain the potential of this new method for acquiring direct-S data, we evaluate real-data examples that illustrate the physics of P and S body-wave radiations generated at vertical-force-source stations. First, a 3D model of direct-S radiation by a vertical-force source is tested. Next, we discuss a field experiment in which a horizontal vibrator create a series of radially oriented SV displacements at small azimuth increments to simulate the full-azimuth distribution of SV displacements created by a vertical vibrator. The resulting data are recorded by a VSP seismic array and show that for a far-field sensor, some source-generated SV displacements are received as a radial-S wavefield and other SV displacements are received as a transverse-S wavefield. We use data from a walkaround VSP to create map views of direct-P and direct-S radiations from a vertical vibrator. We then use data from a walkaway VSP to illustrate cross-section views of the illumination lobes of direct-P and direct-S propagating into the subsurface from a vertical-vibrator source station.
Introduction
It is essential to define the terminology that will be used to describe seismic wave modes and seismic sources in this discussion. Regarding wave mode terminology, the expression "direct-S mode" will be used numerous times. This term, direct-S, refers to any S mode that is produced directly at a source station or so close to a source station that negligible error is introduced by assuming the point of origin is directly at the source station. This type of S mode differs from a converted-S mode produced at an interface remote from a source station. The most common example of the latter is the P-SV mode, which is now becoming widely used in seismic interpretation.
The focus of this discussion will be on land-based seismic data acquisition; thus, towed air-gun arrays will be ignored. For land-based data acquisition, sources can be categorized as being one of two types -either a horizontal-force source or a vertical-force source. Inclined impact sources apply both a horizontal force and a vertical force to the earth and can be placed in either source classification (horizontal-force or vertical-force) as needed. Likewise, shot-hole explosives apply both vertical and horizontal forces to the earth and can be viewed as a vertical-force source or a horizontal-force source depending on an interpreter's point of view. In our work, we consider shot-hole explosives to be a vertical-force source. Vertical vibrators are currently the most popular source in land operations and are strictly vertical-force sources.
The most popular horizontal-force source is the horizontal vibrator. Most of the discussion in this paper will focus on comparing data generated by horizontal vibrators and vertical vibrators.
It can be argued that S-mode data are more valuable than P-mode data in seismic interpretation because S waves are more sensitive to fractures and other anisotropic features of rock systems than are P waves and because the combination of fast-S and slow-S modes provides more rock property information than do P waves. This last comment is stressed because P-waves exhibit azimuth-dependent fast/slow behaviors that tend to be much weaker than those exhibited by S waves. For these reasons, we at the Exploration Geophysics Laboratory practice the principle that direct-S modes are as valuable as direct-P modes for evaluating subsurface geology. However, we, like other seismic interpreters, are frustrated by the restricted availability, added cost, and operational limitations of conventional direct-S sources, which presently are of two typeseither horizontal vibrators or inclined impacts.
We conclude that there is a widespread industry need to develop interpretation technology that allows direct-S modes to be generated with sources that are widely available and that operate in a wide range of environments. For the past 12 years, our research team has seen increasing evidence that robust direct-S waves are generated by vertical-force sources, which are sources that, in our view, encompass vertical vibrators, vertical impacts, and shot-hole explosives. After a series of field tests and data-processing efforts, we are prepared to claim that vertical-force sources are as efficient as horizontal-force sources for producing direct-S modes, and they are perhaps even more efficient. The impact of using direct-S modes produced by verticalforce sources can be a significant contribution to exploration geophysics because these sources are available in every area of the world, are of reasonably low cost, and operate in almost any type of environment.
P and S radiation patterns produced by verticalforce sources
One of the earliest theoretical analyses of body wave radiation produced when a vertical force is applied to the earth's surface is the description published by Miller and Pursey (1954) . Later theoretical studies can be found in White (1983) . Replications of section views of the P and SV radiation patterns described by these theoretical models are presented in Figure 1 for two values of Poisson's ratio of the homogeneous elastic halfspace used to represent the earth's surface. These radiation patterns define the amplitudes of P-and SV-mode body wave radiation that propagate in all possible takeoff angles away from a vertical-force-source station when earth media local to a source station are homogeneous. Surface waves, which carry more energy away from a source station than do body waves, are ignored in this illustration.
Referring to Figure 1 , the amplitude of a P or SV body wave propagating in a particular take-off angle from the source station is defined as the length of the raypath segment that extends from the point of force application to the outer edge of each particular radiation pattern in the selected take-off direction. Two examples comparing P and SV amplitudes that propagate at a take-off angle Φ are shown as Figure 1a and 1b. In these examples, the amplitude of the P wave is A, and the amplitude of the SV wave is B. In each case, the amplitude of the SV wave exceeds the amplitude of the P wave. As the stiffness of the earth decreases (Figure 1a) , the amplitude of the illuminating SV wave exceeds the amplitude of the P wave by a larger factor. This model implies that when the take-off angle is large (almost vertical), Pwave radiation is more robust than SV radiation, and at a take-off angle of 90°(true vertical), P-wave amplitude is a maximum and SV amplitude is zero. However, zerooffset VSP data often indicate that rather robust S wavelets propagate vertically from a vertical-force station. Such an example is discussed in a companion paper in this issue (Hardage and Wagner, 2014) .
Extending 2D direct-S radiation to 3D space
It is important to transform the 2D views of P and SV radiation patterns shown in Figure 1 to a 3D version of radiation patterns in a homogeneous earth. This 2D-to-3D transformation can be done by rotating either of the 2D diagrams in Figure 1 in a full circle of 360°around the vertical axis of the applied force F. The result is shown as Figure 2 . The sphere representing P-wave radiation is deleted in this 3D model because our objective is to concentrate on S-wave radiation. A 90°sector is removed from the 3D radiation pattern so the interior geometry of the illuminating energy envelope can be examined.
Although the map view of SV radiation in Figure 2b shows only four SV force vectors, the diagram introduces the concept that regardless of where a receiver is positioned relative to a vertical-force source station, that receiver responds to the effect of an SV displacement oriented in the vertical plane passing through the source station and the receiver station (a radial-S displacement) and to the effect of SV displacements oriented perpendicular to this vertical source-to-receiver plane (transverse-S displacements). For example, SV displacements 2 and 4 are opposite-polarity radial-S displacements for receivers R A and R C , and SV displacements 1 and 3 are opposite-polarity transverse-S displacements for R A and R C . When receivers R B and R D are considered, these four SV displacements switch roles. SV displacements 1 and 3 then create opposite-polarity radial-S data for receivers R B and R D , and SV displacements 2 and 4 create opposite-polarity transverse-S data for R B and R D . A combination of orthogonal radial-S and transverse-S displacements are thus sensed by every receiver station around a vertical-force source station because a vertical-force source creates an infinite number of SV displacement vectors that point radially in all azimuth directions. The propagation of direct-S modes in Figure 1 . Direct-P and direct-SV body waves produced by a vertical-force source in a homogeneous earth: (a) a soft earth and (b) a hard earth. At take-off angle Φ, the amplitude of the direct-P mode is A, and the amplitude of the direct-SV mode is B. For a wide range of surface stiffness, a vertical-force source produces more SV-wave energy than P-wave energy.
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Simulating vertical-vibrator direct-S radiation with horizontal vibrators
The concept that direct-S radiation produced by a vertical vibrator can be simulated by a horizontal vibrator positioned in small azimuth increments around a source station is illustrated in Figure 3a . We executed such a simulation at the Devine Test Site operated by The University of Texas at Austin.
An ideal field-test geometry for measuring direct-S radiation produced in such a test is illustrated in Figure 3b . In this idealized field experiment, there would be an infinite number of downhole 3C geophones forming a continuous ring around a station where a seismic source applies a vertical force F. This continuous ring of geophones would capture all downgoing SV first arrivals and allow the full 3D geometry of direct-S radiation to be defined. For simplicity, only 12 downhole geophones labeled G1 through G12 are shown at azimuth increments of 30°around station F where a vertical vibrator and a horizontal vibrator will be placed.
A vertical force applied at point F ( Figure 3b ) creates SV displacement vectors F1 through F12 that point at each monitoring geophone (radial-S displacements) and also an SV displacement that is perpendicular to the vertical planes passing through source station F and each respective geophone (transverse-S displacements). For example, SV displacement F1 is a radial-S displacement for geophone G1, and SV displacements F4 and F10 are transverse-S displacements for G1. Similarly, for geophone G2, SV displacement F2 is a radial-S displacement and SV displacements F5 and F11 are transverse-S displacements.
For cost-containment reasons, our field tests involve only one downhole geophone G1 as depicted in Figure 3c . In the field-test option shown in Figure 3c , vertical-force source F again creates an infinite number of SV displacement vectors (such as F1 through F12) pointing in every azimuth direction. However, only one of these SV displacements, F1, points at geophone G1, and only two SV displacements, F4 and F10, are transverse to G1. The simplified, singlegeophone test in Figure 3c can be transformed into a simulation of a test involving a continuous ring of geophones ( Figure 3b ) by deploying a horizontal vibrator as indicated in Figure 3d . In this simulation, a horizontal vibrator is positioned at many small azimuth increments Φ at source station F to create SV displacements such as F4 through F1 drawn in Figure 3d . The four horizontalvibrator SV displacements F1 through F4 in Figure 3d simulate the four vertical-vibrator SV displacements F1 through F4 in Figure 3b .
A photograph of this simulated field test being executed is shown in Figure 4 . The monitoring 3C geophone (geophone G1 in Figure 3d ) is deployed in the receiver well in the background of the photograph. In this test, the horizontal vibrator is at source station F ( Figure 3d ) and is being oriented in azimuth increments of 10°as indicated by the red marker flags.
To analyze these test data, procedures long practiced by VSP data processors (DiSiena et al., 1981; Hardage, 2000) are used to mathematically rotate downhole 3C geophone G1 to data coordinates such that one sensor is oriented in the direction of a downgoing P displacement vector generated at source station F, one sensor is oriented in the direction of a downgoing radial-S displacement vector produced at station F, and the third sensor is oriented in the direction of any downgoing transverse-S displacement vectors arriving from station F. The responses of the radial-S and transverse-S sensors when the horizontal vibrator generated an approximation of vertical-vibrator SV displacements over a 90°a zimuth range (Figures 3d and 4) are displayed in Figure 5 . In map view, the orientation of the radial geophone is indicated by the arrow labeled R in Figure 5c , and the orientation of the transverse geophone is indicated by arrow T. These same test data are described and used for other purposes by Alkan and Hardage (2013) .
This real-data simulation shows that although a vertical-force source generates only radial SV displacements (Figures 1 and 2 ), both radial-S and transverse-S wavefields are recorded at a far-field receiver. These radial-S and transverse-S responses are shown in wiggle trace format in Figure 5a and 5b after the data are adjusted to a common time datum. The data are then shown in an amplitude-magnitude map format in Figure 5c . The data points in Figure 5c are calculations of the RMS amplitude in the 100 ms window extending from 650 to 750 ms in the wiggle trace data.
These radial-S and transverse-S modes spread in orthogonal directions, and at our test site, the amplitude of radial-S radiation is somewhat larger than the amplitude of transverse-S radiation. The real-data map pattern in Figure 5c is shown in a simplified form in Figure 6a . These half-patterns are expanded to a fullpattern map format in Figure 6b . The radiation lobes that propagate in opposite-offset directions from the two patterns that are shown in Figure 6b are omitted to simplify the diagram. These full-pattern radiations are then combined with the concept of a continuous ring of far-field monitoring receivers depicted in Figure 3b and expanded to a ring of four monitoring receivers ( Figure 6c ) and then to a 12-receiver ring (Figure 6d ). This 12-receiver model is a reasonable approximation to a map view of full-azimuth radiation of direct-S modes away from a vertical-force source station.
In our field test, we did not calibrate the responses of the two downhole horizontal sensors so we do not know if equal impulses on our radial and transverse sensors produced equal outputs. Neither did we perform tests to determine if our wall-locked radial and transverse sensors were equally coupled to the formation. Regarding the source performance, we used highquality ground-force phase-locking electronics to ensure that a constant force was generated at each base plate orientation, but we made no other effort to verify the base plate of the horizontal vibrator was uniformly coupled to the earth at each vehicle position. Two vibrator sweeps were summed at each base plate orientation. No measurements were repeated, so we show no error bars on the data plotted in Figure 5c . Even with these acknowledged shortcomings of our field test, we think the data we show in Figures 5 and 6 are representative of the character of direct-S radiation from a verticalforce source.
A test similar to ours was done by Robertson and Corrigan (1983) to determine the nature of direct-S radiation produced by a horizontal vibrator. The direct-S radiation pattern they show for a horizontal vibrator is essentially identical to the vertical-vibrator pattern shown in Figure 5 and will not be repeated in this A further simplification involving radial SV displacements produced by a horizontal vibrator positioned in small azimuth increments within a 90°azi-muth window around source station F. This latter family of radial-oriented SV displacements simulates the SV displacements produced by a vertical vibrator depicted at the right side of (a).
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Comparing frequency content of direct-S modes
Horizontal vibrators tend to have an unacceptable number of mechanical problems when forced to operate at high frequencies because excessive stress is generated in hydraulic systems and structural supports by horizontal baseplate motion at higher frequencies. Thus, the sweep range of the horizontal vibrators used in our field tests was constrained to a bandwidth of 4-50 Hz, a common choice for the sweep range of horizontal vibrators in S-wave seismic programs. The sweep range of the vertical vibrators was set at a modest interval of 8-96 Hz. Frequency spectra of the radial components of the direct-S mode generated by a vertical vibrator and a horizontal vibrator are compared in Figure 7a -7d. Frequency spectra of the transverse components of direct-S modes radiating from these two vibratory sources are compared in Figure 7e-7h .
In terms of octaves, all of these spectra are equivalent, with wavelets from each source spanning slightly less than three octaves (4-28 Hz for the horizontal vibrator, and 8-55 Hz for the vertical vibrator). However, because the bandwidth of the direct-S wavelet generated by a vertical vibrator spans higher frequencies than does the bandwidth of the direct-S wavelet produced by a horizontal vibrator, a vertical vibrator should provide better S-wave resolution of geologic targets than can a horizontal vibrator. This data principle is of critical interest to interpreters and increases the value of direct-S modes produced by vertical vibrators. One property of interest regarding these test data is that the highest frequency in the propagating direct-S wavelet observed in our test-site geology was 50%-55% of the highest frequency used in the vibrator sweep regardless of which source is considered -vertical vibrator or horizontal vibrator (Figure 7b, 7d, 7f, and 7h) . showing the geometric spreading of radial-S (solid square data points) and transverse-S (solid circle data points) modes from this simulated vertical-force source station.
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We found that a valuable method for demonstrating similarity between direct-S modes produced by horizontal vibrators and vertical vibrators is to overlay the downgoing illuminating direct-S modes produced by each source so the arrival times and wavelet attributes of these modes can be more easily compared. Such wavefield comparisons are displayed in Figure 8 . The direct-S radial wavefield propagating from the horizontal vibrator (Figure 8a ) has a polarity opposite to that of the radial direct-S mode produced by the vertical vibrator because the horizontal vibrator was oriented in the wrong direction, causing the first motion of its baseplate (the direction of its radial-S polarity) to be away from the receiver well. In contrast, the radial-S vector produced by the vertical vibrator was oriented toward the receiver well. Rather than reverse the polarity of one of the wavefields displayed in Figure 8a , we leave them as shown because the dual-color display of opposite-polarity data helps some people better judge the equivalence of the two modes. The polarities of the transverse component of the vertical-vibrator and horizontal-vibrator direct-S wavefields are identical (Figure 8b ) and are essentially exact copies of each other.
When data outside of the data windows outlined in Figure 8 are considered, there are several downgoing Pto-SV converted events in the vertical-vibrator data that are absent in the horizontal-vibrator data. These P-SV events are labeled by the bracketed notation in Figure 8a . These downgoing converted-S events introduce noise into radial-S data produced by a vertical vibrator that does not have to be dealt with when a radial horizontal vibrator is used. No downgoing converted-S modes exist in transverse-S data produced by either a vertical vibrator or a transverse horizontal vibrator (Figure 8b) .
The dual-wavefield displays in Figure 8 cause us to conclude that downgoing direct-S wavefields produced by a vertical vibrator are equivalent to downgoing direct-S modes produced by a horizontal vibrator. This close equivalence of direct-S wavefields produced by vertical vibrators and horizontal vibrators is an important principle that has not, to our knowledge, been documented in geophysical literature and can be of great benefit in expanding the use of S-wave data in seismic interpretation efforts.
Map views of P and S radiations from a vertical vibrator
We use an excellent-quality walkaround (WAR) VSP to create map views of direct-P and direct-S radiations created by a vertical vibrator. Unfortunately, a horizontal vibrator was not deployed by the company who acquired these WAR data so it is not possible to present map views of direct-S modes produced by a horizontal vibrator that can be compared with direct-S modes produced by vertical vibrators at this location. An example of the data quality of the VSP data acquired at this particular site is displayed as Figure 9 . Downgoing direct-P and direct-S modes produced by the vertical-vibrator source are labeled on the data. Some downgoing SV energy is present in the downgoing P data (Figure 9a ). However, radial-S and transverse-S wavefields (Figure 9b and 9c) have minor contamination from their companion S-wave modes because downhole sensors have been rotated to create optimal alignment with particle displacement vectors associated with downgoing radial-S and transverse-S wavefields. This same data quality and same wavemode separation accuracy apply to all direct-S data involved in this particular VSP.
The vertical array of downhole 3C geophones used to acquire data from each WAR source station consisted of 16 receiver stations spaced 49.2 m (50 ft) apart. Data shown in this discussion were recorded by the topmost receiver, which was positioned at a depth of 1774 m (5820 ft). The deployment of vertical-vibrator sources around the receiver well is illustrated in Figure 10 . Seventy WAR source stations encircled the receiver well to create direct-mode radiation patterns at azimuth increments of approximately 5°. Direct-P, direct radial-S, and direct transverse-S modes produced at these 70 WAR stations are exhibited in Figure 11 . These data are adjusted to a common time datum in Figure 12 to allow easier evaluation of the waveshape consistency of the first-arrival wavelets for each wave mode. As noted in the figure captions, different gains are used to display the wiggle traces in each data panel. Thus, visual inspection of Figures 11 and 12 should not be used to infer relative amplitudes of P-and S-wave modes.
To create map views of direct-P and direct-S radiation, we invoke the principle of reciprocity. This principle states that "the seismic trace from a source at A to a geophone at B is the same as from a source at B to a geophone at A if sources and receivers are similarly coupled to the Earth" (Sheriff [2002], p. 288) . No doubt, the assumptions that there is equal source coupling and equal vertical-force magnitudes at all 70 WAR source stations are not correct, but to the first order, vertical vibrators operating with modern ground-force phase locking electronics justify the principle of reciprocity being applied to these WAR VSP data.
Applying the principle of reciprocity allows the data in Figure 12 to be viewed as being generated by a vertical vibrator positioned at the receiver well and recorded by 70 3C geophones encircling the source station. This WAR VSP thus approximates the ideal source-test geometry illustrated in Figure 3b . Map views of the resulting direct-P and direct-S radiation patterns are exhibited in Figure 13 . These data are displayed so that relative amplitudes of P and S modes can be compared. The direct-S mode acquired by radial sensors pointing directly at the source station is compared against the direct-P mode in Figure 13a (raw data) and Figure 13b (data scaled to create uniform P amplitude in all azimuths). The direct-S mode acquired by transverse sensors oriented orthogonal to these radial sensors is compared against the direct-P mode in Figure 13c (raw data) and 13d (data scaled to create uniform P amplitude in all azimuths).
These data illustrate important principles of direct-S modes produced by vertical vibrators. Some of these principles are listed here in no particular order of priority: 1) Direct radial-S and transverse-S modes radiate in all azimuths away from a vertical-vibrator source station. 2) At this test site, direct radial-S and transverse-S modes have larger amplitudes than the direct-P mode.
3) The amount of direct-S energy radiating away from a vertical-vibrator source station varies with azimuth. From a percentage-change point of view, azimuth variations in the strength of direct-S modes are approximately the same as azimuth variations in the strength of the direct-P mode, although these equivalent-percentage changes in P and S strengths do not always occur in the same azimuth direction. Additional field tests need to be done to determine the mechanisms that cause these azimuth-dependent radiation strengths of direct-P and direct-S modes. We assume the effects are caused by azimuth variations in the elastic properties of near-surface strata local to a source station. Future tests also need to include horizontal-vibrator sources so direct-S properties of vertical-force and horizontal-force sources can be rigorously compared. We suspect azimuth variations in direct-S strength will be the same, or worse, for horizontal-force sources than what they are for Figure 8 . (a) Radial-S geophone response to a direct-S wavefield produced by a vertical vibrator (red traces) overlain by the response to the direct-S wavefield produced by a radial horizontal vibrator (blue traces). (b) Transverse-S geophone response to a direct-S wavefield produced by a vertical vibrator (red traces) overlain by the response to the direct-S wavefield produced by a transverse horizontal vibrator (blue traces). Vibrators were positioned at the same surface source station. Data were recorded by the same vertical receiver array without altering receiver orientations or couplings.
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vertical-force sources, but real test data are needed to make informed conclusions.
Section views of P and S radiations from a vertical vibrator
It is essential to view direct-P and direct-S radiation propagating away from a vertical-vibrator source in section view as well as in map view. We elected to create section views of P and S radiation patterns by applying the principle of reciprocity to data generated at the walkaway VSP source stations labeled in Figure 10 . The assumptions of equal source coupling and equal magnitudes of applied vertical force at each walkaway source station again are not rigorously true, but these assumptions can still be accepted to create a radiation picture that is correct to a first order of accuracy. Section views of the responses of downhole radial-S and transverse-S geophones extracted from the walkaway VSP data are exhibited in Figure 14 . These direct-S data have been scaled so that their companion direct-P first arrivals have amplitudes that correspond to a P radiation pattern that expands as a sphere tangent to the earth surface, as illustrated by the P-mode semicircle drawn in Figure 14b and 14d. This data scaling procedure is a close approximation to the quasispherical P-wave radiation pattern produced by a vertical-force source shown in Figure 1 .
The source-receiver geometry and raypaths drawn in Figure 14a and 14c are highly simplified. First, raypaths are shown as straight lines and are not raytraced to allow refractions. Second, 16 receivers extended from 1774 to 2003 m (5820 to 6570 ft), but only one receiver position at a depth of 1829 m (6000 ft) is indicated to Figure 9 . Example of the quality of the VSP data at the site where WAR VSP were used to create map and section views of direct-S radiation produced by a vertical vibrator.
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show the range of takeoff angles involved for a typical receiver. Data were analyzed from source stations 1 through 11 to create 176 data points. These data points were positioned in z-x amplitude space in Figure 14b and 14d assuming a straight-line propagation from source to receiver. Many data points coincided so that there appear to be only 100 data points (approximately) in the figures.
Most downgoing direct-S energy in this field test propagates in a take-off angle range that extends from approximately 30°to approximately 80°. The illumination range for the radial-S data extended to 88° (Figure 14b) . This real-data behavior agrees reasonably well with the take-off angle range predicted by theory (Figure 1 ). An insight provided by these real-data measurements that is not obvious in the theoretical model is that, although a vertical-force source generates only SV displacements, both radial-S and transverse-S wavefields propagate to far-field receivers. Only downgoing SV lobes are shown in the theoretical model of verticalforce-source radiation in Figure 1 , but both downgoing radial-S and downgoing transverse-S lobes are observed in real data.
Transverse-S modes
An important observation presented by our test data is that although a vertical-force source produces only SV displacements, direct transverse-S data are observed by far-field geophones in addition to the expected direct radial-S data produced by SV displacements. The existence of direct transverse-S waves in vertical-force source data is bothersome and controversial to some interpreters, particularly to those who use numerical modeling to calculate P and S radiation patterns produced by seismic sources. We show here that those who claim that direct transverse-S data cannot be recorded with vertical-force sources are correct, and that those who claim direct transverse-S data are produced by vertical-force sources and recorded by far-field Figure 10 . Map of WAR and walkaway source stations where a vertical vibrator was positioned relative to a VSP receiver well. Data generated at the WAR stations were used to create map views of the amplitude strengths of direct-P and direct-S modes produced by a vertical vibrator. Data generated at the walkaway source stations were used to create section views of the direct-P and direct-S modes produced by a vertical vibrator. receivers are also correct. These two seemingly conflicting conclusions are reached depending on whether an interpreter allows or ignores the possibility that azimuth variations in elastic parameters exist in the immediate proximity of a vertical-force source station.
Claim 1: Transverse-S data cannot be recorded with a vertical-force source
The claim that a transverse-S direct-S mode will not be recorded using a vertical-force source is correct if it is assumed that the elastic properties of the earth at a source station do not vary with azimuth. The direct-S radiation diagram in Figure 2b will be used to illustrate transverse-S wave propagation physics in such a homogeneous earth. In Figure 2b , far-field receiver R A records direct radial-S data generated by SV displacement 2. The direct radial-S data produced by SV displacement 4 propagate in the opposite direction of the data generated by SV displacement 2 and do not reach receiver R A . The data generated by SV displacements 1 and 3 are transverse-S displacements for receiver R A . Transverse-S responses produced by both SV displacements (1 and 3) arrive at receiver R A . However because (1) the direct transverse-S data generated by SV displacement 1 are opposite polarity to the direct transverse-S data generated by SV displacement 3 and (2) SV displacements 1 and 3 are equal strength, the sum response of the two transverse-S modes is zero at receiver station R A . Thus, when numerical modelers calculate direct-S radiation produced by a vertical-force source and create equal-strength SV displacements in all azimuth directions in their model, they are correct in saying that no direct transverse-S data will be observed at far-field receiver stations.
Claim 2: Transverse-S data can be recorded with a vertical-force source
The counterclaim that direct transverse-S data are observed at far-field receivers is based on inspection of real seismic data. The diagrams in Figure 13 illustrate how real-data versions of direct-P and direct-S modes typically appear at far-field receivers. The direct-S modes in Figure 13a and 13c are superimposed in Figure 15 to explain the wave propagation physics that exists when the earth local to a source station is not homogeneous.
Lines passing through two large-amplitude transverse-S responses are labeled C and F. Transverse-S displacement C is produced when opposite-polarity radial-S displacements A and B are summed to define transverse-S response along line C. Because the amplitudes of radial-S displacements A and B are significantly different, their sum is not zero and a strong transverse-S response is created along line C. Similarly, radial-S displacements D and E also differ in magnitude, and their sum is not zero along line F. Displacement E is in a deep, narrow notch that is difficult to see in the overlay pattern and has a small magnitude. The result is a large transverse-S response for any receiver positioned near F. Thus, when SV displacements produced by a verticalforce source vary with azimuth, which seems to be the condition at most real-world vertical-force source stations, those who claim transverse-S data are produced by a vertical-force source and can be observed at farfield receivers are correct. Interpretation / May 2014 SE11 Figure 13 . Map views of the amplitudes of direct-P and direct-S modes propagating away from a vertical vibrator source station. These data are displayed so relative amplitudes of wave modes can be compared. (a) Direct-P (green) and direct radial-S (blue) raw data. (b) Direct-P (green) and radial-S data (blue) after a scale factor is applied to make the P have equal amplitude in all azimuths. (c) Direct-P (green) and direct transverse-S (red) raw data. (d) Direct-P (green) and transverse-S (red) data after a scale factor is applied to make the P have equal amplitude in all azimuths.
SE12 Interpretation / May 2014 Figure 14 . (a) Simplified source-receiver geometry. (b) Section views of direct-P and direct radial-S modes produced by a vertical vibrator. All data are scaled to cause the amplitude of the P mode to conform to a sphere tangent to the earth surface. Points A and B are treated as outliers. (c) Repeat of the simplified source-receiver geometry. (d) Section views of direct-P and direct transverse-S modes produced by a vertical vibrator. The data are scaled to cause the amplitude of the P mode to conform to a sphere tangent to the earth surface. Point A is treated as an outlier.
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Conclusions
The field tests described here confirm direct-S modes are produced by vertical vibrators and open the possibility of using direct-S modes from vertical vibrators as substitutes for direct-S modes produced by horizontal vibrators for prospect interpretation purposes. An appealing aspect of vertical-vibrator direct-S modes is that they have a wider range of frequencies than direct-S modes produced by horizontal vibrators. Vertical-vibrator direct-S modes should thus produce better S-wave resolution of geologic targets than do horizontal vibrators, which is an image property of particular interest to seismic interpreters.
The test data exhibited in this paper were generated using a single vertical vibrator at all source stations. Additional tests are planned to determine how direct-S modes are affected if arrays of 2, 3, or 4 vertical vibrators are used. Ongoing investigations are also being done to determine how attributes of direct-S modes produced at a vertical-force station are affected by the elastic properties of the top surface layer across a prospect area. For all of these tests, when an earth parameter or a data-acquisition condition is imposed to verify the character of direct-S modes produced by a verticalforce source, it is essential to do exactly the same test with an appropriate horizontal-force source so that conclusions are based on comparisons of direct-S modes produced by both vertical-force sources and horizontal-force sources. For example, if a deficiency in vertical-force direct-S radiation is noted across a particular earth surface, it will be mandatory to determine if that same deficiency exists for a horizontal-force source. Otherwise interpreters will be misled about what type of direct-S source (vertical-force source or horizontalforce source) should be deployed across prospects of interest.
The research findings described here are significant because they imply that direct-S data acquisition can be done with vertical-vibrator sources and there may be no need to deploy horizontal vibrators. The wide global distribution of vertical vibrators should allow direct-S data acquisition to be done across many areas where S-wave technology may otherwise not be considered. Certainly, the cost of acquiring multicomponent seismic data can be reduced by using vertical-force sources to generate direct-S waves.
We are collecting data that will demonstrate that direct-S wavefields similar to these documented here for vertical vibrators are also generated by other verticalforce sources such as shot-hole explosives and vertical impacts. Our field test results should thus expand the availability and use of direct-S data by interpreters.
